a purinergic receptor antagonist, 16 and a complement activation inhibitor, 17 have been tested in large-scale randomized controlled trials in patients undergoing CABG surgery but failed to yield better postoperative outcomes.
One cardioprotective approach is based on the pharmacological duplication of one of the most powerful physiologic means of reducing ischemia/reperfusion injury, ischemic preconditioning. 18 This endogenous protective process involves the release of several mediators, among which adenosine plays a key role. The administration of adenosine during CABG surgery is difficult to regulate and was not demonstrated to be beneficial. 19 These issues led to the development of adenosine-regulating agents, of which acadesine is the first to be tested in largescale clinical trials. By competing with adenosine for the nucleoside transporter, acadesine increases extracellular adenosine levels by inhibiting adenosine deaminase and increases intracellular adenosine levels. [20] [21] [22] Additionally, acadesine activates AMPactivated protein kinase, the central regulator of a host of intracellular enzymes involved in regulation of cellular energy and production of intracellular adenosine triphosphate. [23] [24] [25] [26] To date, 5 studies of acadesine in participants undergoing CABG surgery have been conducted. Outcomes of these studies, which included a total of 4043 participants, were examined in a 1997 metaanalysis. 27 In that meta-analysis, the use of acadesine was correlated with significant reductions in the occurrence of 3 end points: a 27% reduction in perioperative myocardial infarction (odds ratio [OR] , 0.69 [95% CI, 0.51-0.95]; P=.02), a 50% reduction in cardiac death through postoperative day 4 (OR, 0.52 [95% CI, 0.27-0.98]; P=.04), and a 26% reduction in a composite of cardiac death, stroke, and myocardial infarction (OR, 0.73 [95% CI, 0.57-0.93]; P=.01). These significant associations persisted when examined in a random-effects model. 27 The meta-analysis results prompted implementation of the current trial, designed to more definitely test whether acadesine could reduce the composite of all-cause mortality, nonfatal stroke, or need for mechanical support for severe left ventricular dysfunction (SLVD) occurring during and after CABG surgery through postoperative day 28.
METHODS

Study Design and Population
The Reduction in Cardiovascular Events by Acadesine in Patients Undergoing CABG (RED-CABG) trial was a multicenter, randomized, double-blind, placebo-controlled, parallel-group study designed to evaluate the ability of acadesine to reduce the incidence of ischemia/ reperfusion injury in high-risk participants undergoing nonemergency CABG surgery. Study participants were patients undergoing CABG surgery with cardiopulmonary bypass who were at high risk of postoperative adverse events and who met all of the inclusion criteria and none of the exclusion criteria (eTable 1). The study was open to both sexes, and race/ethnicity was selfreported by participants. Enrollment was projected for 7500 patients at 300 sites in 7 countries (see "Statistical Analysis"). Enrollment occurred from May 6, 2009, to July 30, 2010. Each investigative site received institutional review board or ethics committee approval of the protocol, and all participants provided written informed consent.
Standard local procedures for CABG surgery or associated preoperative and postoperative care were followed. The study intervention was intravenous infusion of study drug or placebo before, during, and immediately after CABG surgery, which exposed the myocardium to a sufficient amount of study drug. The cardioplegic solution and cardiopulmonary bypass priming solution were also supplemented with either blinded study drug or placebo.
After the screening phase and within 14 days before surgery, participants were randomized by a central randomization service via an interactive voice/ web response system in a 1:1 fashion to receive either acadesine or placebo. Randomization was stratified by sex. The dose of acadesine, consistent with previous trials, was 42 mg/kg diluted in 500 mL of normal saline, delivered as an intravenous infusion over approximately 7 hours commencing within approximately 30 minutes before induction of anesthesia, at a rate of 0.1 mg/kg per minute (1.2 mL/min for a 500-mL solution).
In addition, either saline (placebo) or acadesine solution was added to the cardioplegia solution for patients randomized to receive placebo or acadesine (5 µg/mL cardioplegia solution of acadesine), respectively. The choice and technique of preparation and delivery of standard cardioplegia and priming solutions and the volume required were determined by the attending physician.
Primary End Point
The primary efficacy end point was a composite of the occurrence of any of the following during surgery or through postoperative day 28: all-cause mortality, nonfatal stroke, or need for mechanical support for SLVD ( defined as new use of mechanical circulatory assist devices, such as intra-aortic balloon pump or ventricular assist device, during or after CABG surgery for 1 hour or longer for treatment of low cardiac output). Indications for using circulatory assist devices were determined by the attending physician based on clinical judgment and included cardiogenic shock, difficulty in weaning from cardiopulmonary bypass, refractory left ventricular failure, refractory ventricular arrhythmias, and other indications that the investigators deemed necessary for treatment of low cardiac output. All efficacy end points (except all-cause mortality) were adjudicated by an independent, blinded clinical events committee (CEC). Cardiovascular mortality was also adjudicated by the CEC.
Secondary End Points
The key secondary efficacy end point was the first occurrence of any component of the composite of cardiovascular mortality, nonfatal stroke, or need for mechanical support for SLVD occurring during and after CABG surgery through postoperative day 28.
ACADESINE AND ADVERSE OUTCOMES ASSOCIATED WITH CABG
Exploratory End Points
Potential mechanisms of protective effects and other associated measurable clinical benefits of improved myocardial function by attenuation of ischemia/ reperfusion injury were evaluated by creatine kinase MB (CK-MB) or troponin I and T levels and the incidence of myocardial infarction within 24 hours after surgery. The duration of mechanical ventilation (time from intubation to extubation); length of intensive care unit stay; length of hospitalization; prevalence of new, clinically significant atrial fibrillation within 96 hours after surgery; and estimated health state using the EuroQol 5-dimension instrument 28 were also assessed. Perioperative myocardial infarction and clinically significant atrial fibrillation were adjudicated by the CEC.
Statistical Analysis
The population for the efficacy analyses was the intention-to-treat (ITT) population, which included all randomized participants who had completed primary outcome follow-up, regardless of whether they received the assigned treatment or underwent CABG surgery. The as-treated population included all randomized participants who received any amount of study drug (acadesine or placebo). Safety analyses were performed in this as-treated population. General and CABG-specific safety end points were monitored, with attention given to renal function and risk of hyperuricemia and gout. All statistical tests were 2-sided.
The CEC adjudicated each suspected end point event except allcause mortality. An independent data and safety monitoring board (DSMB) monitored aggregated and blinded efficacy end points and other safety data to ensure the safety of participants in the trial.
Using the event estimation worksheet from the American College of Cardiology/American Heart Association guidelines 29 for high-risk individuals undergoing CABG surgery who fulfilled the enrollment criteria of this study, the estimated incidence of the primary composite efficacy end point was 10%. Based on data from previous acadesine trials, 27 a relative reduction of approximately 25% in this end point was projected. Thus, the projected sample size of 7500 participants (3750 participants per treatment group) would have approximately 85% power to detect a 20% reduction in the primary efficacy end point among participants receiving acadesine vs placebo, assuming a primary end point event rate of 10% in participants receiving placebo and a 2-sided P value of .05. A staged futility analysis with increasing futility thresholds was planned once 30% and 40% of planned participants completed postoperative day 28.
The statistical methodology used to assess futility was based on a Bayesian posterior probability approach at the interim assessment to determine the probability of observing a statistically significant result at the end of the trial. For the first futility analysis, the decision was that the trial would continue if the interim results indicated at least a 20% probability to reject the null hypothesis at the end of the study. For the second futility analysis, the trial would continue if the interim results indicated that there was at least a 65% chance to reject the null hypothesis at the end of the study. The DSMB could recommend termination of the trial for a stipulated futility.
The primary hypothesis was that in patients undergoing CABG surgery with the use of cardiopulmonary bypass, the incidence of the primary composite end point would be significantly lower with acadesine compared with placebo. This hypothesis was evaluated using Cochran-Mantel-Haenszel testing that adjusted for the stratification factor (sex). Point estimates and associated 95% CIs for treatment differences are provided. Each participant contributed only 1 efficacy end point in the composite (ie, participants with multiple component events of a composite end point were counted only once for that composite). The key secondary hypothesis (administration of acadesine compared with placebo will reduce the incidence of the key secondary composite end point) was evaluated using methods similar to those specified for the primary efficacy end point.
To account for missing data, KaplanMeier estimates for the primary and key secondary end points were calculated and log-rank testing performed. In these analyses, participants were treated as censored as of the point when the data became unavailable. Other analyses included evaluating the clinical benefits of acadesine with respect to the secondary and exploratory end points previously described. The key secondary end point was not to be tested unless the primary end point was significant at the .05 level (2-sided test). The other secondary end points and the exploratory efficacy end points were supportive only, and no adjustment for multiplicity to these end points was applied. All statistical analyses were performed using SAS version 9 (SAS Institute Inc).
To evaluate the drug effects at different levels of mortality risk, the Society of Thoracic Surgeons (STS) risk stratification score was calculated. In the RED-CABG trial, 2934 of the 3080 randomized participants received CABG surgery. Of these, 55 had mitral valve repair and were excluded from this analysis. Thus, 2879 patients were eligible for application of the STS risk score for isolated CABG. The model coefficients were applied to their corresponding covariates in the data, and a predicted probability of 30-day mortality was calculated for each participant.
RESULTS
The trial was stopped early at the 30% futility analysis (after 3080 study participants were randomized), based on the recommendation of the DSMB. FIGURE 1 outlines the assignments and reasons for continuation in the study, resulting in a final sample size of 2986 patients in the ITT analysis. Figure 1 also outlines follow-up through postoperative day 28.
Baseline characteristics (TABLE 1) are typical of an intermediate-to highrisk population of patients undergoing CABG surgery and reflect the in-clusion and exclusion criteria of the trial (eTable 1). Median age was 66 years. The majority of participants were white men with a history of hyperlipidemia, diabetes, family history of cardiovascular disease, and previous percutaneous coronary intervention. eTable 2 lists the extent of coronary artery disease and the left ventricular ejection fraction by enrollment group.
Study Drug Therapy and Concomitant Therapies
Of the 1536 participants in the acadesine group, 1442 (93.9%) received study drug and 1493 completed the study. The ITT analysis included all randomized participants who completed follow-up, regardless of treatment received. Concomitant medical therapy before CABG surgery, during hospitalization, and at discharge is shown in eTable 3.
Study Outcomes
The primary efficacy outcome was observed in 5% of participants overall. There was no significant difference between the placebo and acadesine groups, with incidence rates of 5.0% and 5.1%, respectively (OR, 1.01 [95% CI, 0.73-1.41]; P=.94). TABLE 2 lists the primary and key secondary end points and individual components of the ITT population with complete follow-up and CEC-adjudicated end points. FIGURE 2, a Kaplan-Meier curve of the ITT analysis of the primary outcome, demonstrates the lack of effect of acadesine treatment on the composite end point. An exploratory post hoc analysis was performed to assess the effects of the patient risk profile on treatment efficacy. Using the STS risk stratification score, 30 participants were categorized into quintiles. As shown in FIGURE 3 and eTable 4, a comparison of the primary end point across these quintiles did not show any statistical differences across the various risk groups.
Of the secondary end points, none reached or approached statistical significance at 28 days, including allcause mortality, nonfatal stroke, need for mechanical support for SLVD, and the other secondary composite end points (eTable 5). Cardiovascular mortality through postoperative day 4 was numerically lower in acadesinetreated participants, but this was not statistically significant and was not evident through postoperative day 28. Additional exploratory efficacy end points, including length of mechanical ventilation and intensive care unit and hospital stay, are listed in eTable 6 and eTable 7. None of these exploratory secondary end points, including peak cardiac enzyme level and quality of life (eTable 8 and eTable 9), reached statistical significance.
Consistent with previous trials, adverse events were not significantly different between the treatment and placebo groups, with the exception of an increased incidence of hyperuricemia and elevated uric acid levels in the treatment group. Safety end points of special interest are included in eTable 10 and eTable 11.
COMMENT
In this population of intermediate-to high-risk patients undergoing CABG surgery, acadesine had no effect on the composite end point of all-cause mortality, nonfatal stroke, and SLVD requiring mechanical support through postoperative day 28. The incidence of the primary composite end point in the overall study population (including the placebo group) was substantially below that projected from the previous studies and historical data. The lowerthan-predicted incidence is consistent with results from recent perioperative CABG trials 16, 31 in which advances in clinical practice appeared to reduce morbidity and mortality. A large portion of the lower event rate was attributable to a lower-than-predicted incidence of SLVD requiring mechanical support, which also indicates an improved degree of myocardial protection in a high-risk population. There was no trend toward a benefit in the overall study, resulting in the recommendation by the DSMB that the study be terminated based on predefined stopping rules. These findings illustrate inherent risks of using promising metaanalysis results to plan "confirmatory" clinical trials. There are several potential explanations for the negative results we observed. One consideration is the decision around study eligibility criteria and the overall primary end point of the trial. The eligibility criteria were based on previous studies of acadesine that showed a greater benefit in higher-risk patients, especially women. However, based on analysis of the risk profile of the patients enrolled, the overall mortality risk based on STS criteria was lower than originally projected, resulting in the study participants being at lower risk than anticipated. Although a comparison of the primary end point by treatment group across quintiles of STS risk stratification did not show any statistically significant differences, we cannot exclude the possibility that a more favorable result might have been obtained in patients deemed to be at higher risk of intraoperative ischemic events, such as those undergoing long and complex combined valve and coronary procedures (Figure 3) . Moreover, where these robust national databases exist, the inclusion of major outcome-linked variables in the case report forms of major clinical trials enables this kind of risk profile comparison to be made.
Lack of benefit of acadesine may be related to the dosing regimen used. Previous studies have indicated that sufficient concentrations of the drug in the ischemic myocardium are needed before application of the aortic cross Abbreviations: OR, odds ratio; SLVD, severe left ventricular dysfunction. a Primary composite is all-cause mortality, nonfatal stroke, or need for mechanical support for SLVD through postoperative day 28. b Key secondary composite is cardiovascular mortality, nonfatal stroke, or need for mechanical support for SLVD through postoperative day 28. clamp to prevent ischemic injury. In addition, the agent needs to be present during reperfusion to ensure adequate recovery of the myocardium. The delivery technique may not have provided sufficient concentrations of the agent in the myocardium to alter the recovery from ischemia. However, dosing in our study was identical to that used in previous studies included in the meta-analysis that showed benefit for this drug.
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Recent large analyses of cardiac surgery databases have demonstrated a correlation between enzyme elevations occurring after cardiac surgery and later mortality. In the current study, there was no difference in peak enzyme elevations or the incidence of enzyme elevations 5 times greater than the upper limit of normal between acadesine and placebo. This contrasts with previous trials of acadesine that indicated differences in early mortality and perioperative myocardial infarction within the first 4 postoperative days. The incidence of perioperative myocardial infarction was defined in this trial as an elevation of CK-MB, troponin I, or troponin T level greater than 5 times the upper limit of normal and the presence of new Q-wave myocardial infarction on electrocardiogram. Because of this stricter definition, the overall rate of perioperative myocardial infarction was much lower than that reported in earlier studies (0.6% with placebo and 1.0% with acadesine), and the overall incidence of perioperative myocardial infarction was not significantly different between the 2 groups. Myocardial infarction was an exploratory outcome of the trial, and enzyme levels were only collected through 24 hours. Because of the strict criteria and shorter period of surveillance, the lower incidence is not surprising. In each of the different enzymes assessed (CK-MB, troponin I, or troponin T), there was no significant difference in peak level or the incidence of patients with enzyme level elevations greater than 5 times the upper limit of normal by treatment group (eTable 8).
The results of CABG surgery have continued to improve, as reflected in the excellent outcomes found in this trial. Recent trends in the treatment of coronary artery disease have increased the risks of patients presenting for CABG surgery, without substantial associated increase in morbidity or mortality. 32 Observed causes for improvement in postoperative morbidity and mortality are likely multifactorial and may include better preoperative selection and preparation, intraoperative treatment, and postoperative recovery. However, the period of cardioplegic arrest is an opportunity to condition the heart and prevent or reverse ischemic/reperfusion injury. Current methods of myocardial protection have markedly improved, but pharmacological additives have not been demonstrated to be beneficial.
Despite the lack of effect of acadesine in this population, the study allowed the evaluation of quality of life after CABG surgery in a large population across many geographical regions. A consistent finding was a preservation of quality of life measured by 
Favors Acadesine Favors Placebo
Odds ratios (ORs) with 95% CIs are for treatment effect. Risk levels for the 30-day mortality end point were produced using the Society of Thoracic Surgeons (STS) risk model for patients undergoing only coronary artery bypass graft (CABG) surgery. Using STS risk score for isolated CABG in this population, a predicted probability of 30-day mortality was computed for each participant. The probabilities were ranked from low to high and grouped into quintiles of increasing predicted 30-day mortality (see eTable 4).
the EuroQol 5-dimension instrument at 28 days. There was also substantial improvement in several domains of quality of life (eTable 9). These findings, despite documented complications and the earlier-than-normal period of assessment, suggest that quality of life improves after cardiac surgeryresults consistent with previous smaller studies. 33, 34 
CONCLUSIONS
The RED-CABG study demonstrates that among intermediate-to high-risk patients undergoing CABG surgery, acadesine did not reduce all-cause mortality, nonfatal stroke, or need for mechanical support for SLVD through postoperative day 28. The incidence of the primary composite end point was 5%, indicating the need for continued investigation into therapies to reduce perioperative morbidity and mortality. However, effective therapies remain elusive.
